Cell mechanics plays an important role in cellular physiological activities. Recent studies have shown that cellular mechanical properties are novel biomarkers for indicating the cell states. In this article, temperature-controllable atomic force microscopy (AFM) was applied to quantitatively investigate the effects of temperature and cellular interactions on the mechanics and morphology of human cancer cells. First, AFM indenting experiments were performed on six types of human cells to investigate the changes of cellular Young's modulus at different temperatures and the results showed that the mechanical responses to the changes of temperature were variable for different types of cancer cells. Second, AFM imaging experiments were performed to observe the morphological changes in living cells at different temperatures and the results showed the significant changes of cell morphology caused by the alterations of temperature. Finally, by co-culturing human cancer cells with human immune cells, the mechanical and morphological changes in cancer cells were investigated. The results showed that the co-culture of cancer cells and immune cells could cause the distinct mechanical changes in cancer cells, but no significant morphological differences were observed. The experimental results improved our understanding of the effects of temperature and cellular interactions on the mechanics and morphology of cancer cells.
The past decade has seen substantial growth in the studies on how changes in the biomechanical and biophysical properties of cells influence, and are influenced by, the onset and progression of many human diseases [1] , including cancer [2] , malaria [3] , diabetes [4] , osteoarthritis [5] , and asthma [6] . Physiological changes within the cells are often accompanied by physical and mechanical changes [7] , which are crucial for the cells to adapt to the dynamically changing environments. The studies on cell lines and biopsy tumor tissues have shown that cancer cells are softer than normal cells [8] and the stiffness of cancer cells is directly related to their metastatic potential [9] . Recently, a comprehensive study on human breast tissues has shown that cell mechanics is an effective biomarker that can identify the different stages (normal tissue, benign lesion and invasive cancer) in the process of cancer development [10] . Thus, it is expected that the studies of cell mechanics will have a significant impact on cancer diagnosis and treatment.
From the medical perspective, it may be possible to alter the mechanical properties of cancer cells, either through pharmacological inhibition or activation of proteins affecting cell mechanics, so that the mechanical properties of cancer cells are not optimal for stromal invasion and intravasation [11] . Such drugs would probably not cure by killing cancer cells, but may effectively hinder the propagation of the neoplasm [8] . However, in order to achieve this objective, more investigations are needed to let us have an in-depth and detailed understanding of the role of cell mechanics in cellular physiological activities.
In the past decade, atomic force microscopy (AFM) has emerged as an excellent tool for measuring the mechanical properties of single living cells in aqueous conditions. Studies have shown that the obtained Young's moduli of cells by AFM are dependent on several factors, such as the depth of indentation, the loading rate of tip, the position and time of cell poking, and the properties of substrates used for cell growth [12] . In recent years, researchers [13, 14] have shown that temperature can also influence the cell stiffness. However, it is still unclear whether the effect of temperature on cell stiffness is a universal phenomenon for all types of cells. Besides, we know cancer cells interact with other cells (e.g., cancer-associated fibroblasts, vascular endothelial cells, and immune cells) to form a solid tumor during oncogenesis [15] . Currently it is unknown whether the interactions between cancer cells and other cells in the micro-environments will cause the changes of cell mechanical properties.
In this article, temperature-controllable AFM was applied to quantitatively investigate the mechanical properties of six types of cells (Raji, Jurkat, normal while blood cells, MCF-7, HeLa, and A549) at different temperatures (room temperature and 37°C) to comprehensively analyze the effects of temperature on cell mechanics. The morphological changes in cells at different temperatures were also observed. The effects of cellular interactions on the mechanics of cancer cells were investigated by measuring the mechanical properties of three types of human cancer cells (MCF-7, HeLa, and A549) which were co-cultured with two types of immune cells (Raji and Jurkat). AFM imaging was also carried out to observe the morphological changes in cancer cells after being co-cultured with immune cells.
Materials and methods

Cell culture
Cell lines used in this study were obtained from the Affiliated Hospital of the Military Medical Academy of Sciences (Beijing) and the Institute Pasteur of Shanghai Chinese Academy of Sciences (Shanghai). Raji cells (human lymphoma B cell line), Jurkat cells (human leukemic T cell line), MCF-7 cells (human breast cancer cell line), HeLa cells (human cervical cancer cell line) and A549 cells (human lung cancer cell line) were cultured in RPMI-1640 (Thermo Scientific Hyclone, USA) containing 10% fetal bovine serum and 1% penicillin-streptomycin solution at 37°C (5% CO 2 ). Peripheral blood was obtained from the healthy volunteers and treated by anticoagulants. Raji and Jurkat cells were cultured in flasks. MCF-7, HeLa, and A549 cells were cultured in Petri dishes. Cells were cultured for 24 h before experiments.
Sample preparation
Raji cells (Jurkat cells) were harvested by centrifuging at 500×g for 5 min. The harvested Raji (Jurkat) cells were dropped onto the glass slides which were previously coated by a layer of poly-L-lysine. The role of poly-L-lysine was attaching cells to the slides by electrostatic adsorption. Then the glass slides were placed in a Petri dish containing cell culture medium. The blood cells stratified after being placed in a centrifuge and then we could obtain the white blood cells from the junction of red blood cells (at the bottom of the centrifuge) and plasma (at the top of the centrifuge). White blood cells were then dropped onto the poly-L-lysinecoated glass slides which were then placed in a Petri dish containing cell culture medium. MCF-7, HeLa and A549 cells can naturally grow on the Petri dishes. After putting the Petri dishes to the sample stage, AFM indenting and imaging experiments were performed on cells.
The process of cellular co-culture was following. (i) Human cancer cells (MCF-7, HeLa and A549) were harvested by trypsin digestion. (ii) The harvested cells were pipetted into two fresh Petri dishes. One Petri dish was used for co-culture group and the other Petri dish was used for control group. (iii) Raji cells (or Jurkat cells) were added into one of the Petri dish (the co-culture group). (iv) Cell culture medium was added into the two Petri dishes and then the Petri dishes were incubated at 37°C (5% CO 2 ) for 24 h. (v) After the incubation, Petri dishes were taken out of the CO 2 incubator and placed on the sample stage for AFM experiments.
AFM system and probe
Temperature-controllable AFM (Figure 1 ) was used in this study. Figure 1A is the schematic diagram and Figure 2B is the photograph of the temperature-controllable AFM. The Bioscope Catalyst AFM (Bruker, USA) was set on an inverted microscope (Nikon, Japan). Petri dishes containing cells were placed on the heating plate which was linked to a temperature controller (LakeShore Cryotronics, Inc., USA). With this system, we can perform AFM experiments on living cells at different temperatures. The type of AFM probe used in this study was MLCT (Bruker, USA) and the nominal spring constant of the cantilever used was 0.01 N/m. Force curves were obtained on the bare area of the substrate to calibrate the deflection sensitivity of the Figure 1 Temperature-controllable AFM experimental system. A, Schematic diagram. B, Photograph of the system. Cells were grown in the Petri dishes which were placed on a heating plate. There was a small hole in the heating plate (not shown in the schematic diagram). The optical light passes through the hole to obtain optical images of the cells.
cantilever and then the exact spring constant of the cantilever was calibrated by using the thermal tune module of AFM.
AFM imaging and indenting
Under the guidance of optical microscopy, AFM tip was moved to living cells to perform AFM imaging. AFM images were obtained at contact mode. The scan line was 256 and the sampling point for each scan line was also 256. The scan rate was 0.3-0.5 Hz and the scan size was 40-100 μm. For measuring the cellular mechanical properties, force curves were obtained at the central region of living cells. To make the obtained data comparable, all of the force curves were obtained at the same loading rate and the ramp size of the force curves were 6 μm. To map the stiffness distributions of local areas on the cell surface, arrays of force curves (5×5) were obtained. To analyze the effects of temperature on cell mechanics, force curves were first obtained on 10-15 cells at room temperature (25°C). Then the sample stage was heated to 37°C and a new cell sample was placed on the stage. Force curves were obtained on 10-15 cells from the new sample. For each cell, 10-15 force curves were obtained at different points on the central region of the cell. To analyze the effects of cellular interactions on cell mechanics, force curves were obtained on 10-15 cells (MCF-7, HeLa and A549) which were co-cultured with Raji or Jurkat cells at 37°C. Then force curves were obtained on 10-15 cells from the control group (without Raji or Jurkat cells) at 37°C. For each cell, 10-15 force curves were obtained at the different points on the central region of the cell. Before each measurement, the deflection sensitivity and spring constant of the cantilever were calibrated.
Data analysis
Sneddon-modified Hertz model was used to calculate the cellular Young's modulus from the force curves [16, 17] 
where  is the Poisson ratio of cell (=0.5 for cells as cells are assumed to be incompressible materials),  is the depth of indentation,  is the half-opening angle of the AFM tip, E is the cellular Young's modulus, and F is the applied loading force. The original force curves were exported as text files via the offline software Nanoscope Analysis (Bruker, USA). Then the text files were processed by the software Matlab. The algorithm of applying Sneddon-Hertz model to calculate the Young's modulus from force curves was programmed using Matlab. Gaussian fitting was applied to fit the statistical histograms of cellular Young's moduli. To map the stiffness distributions of the local areas on the cell surface, arrays of force curves (5×5) were obtained. Each force curve corresponds to a Young's modulus value by applying the Sneddon-Hertz model. After normalizing the Young's moduli into gray colors (0-255), the stiffness maps were constructed by using imaging process software. Figure 2 shows obtaining the Young's modulus of living cells from the force curves. Figure 2A is a typical force curve obtained on living cells. During the process of obtaining a force curve, the tip first approached and then withdrew from the cells. The approach curve was used for calculating the cellular Young's modulus, while the retract curve was used for calculating the adhesion force [18] . Before the tip contacted the cells, the curve was flat. After the tip contacted the cells, the curve became bent. According to the contact point, the approach curve was converted into the indentation curve (the indentation depth was obtained by subtracting the deflection of cantilever from the vertical movement of AFM piezoelectric driver). Then Hertz fitting was applied on the indentation curve to obtain the Young's modulus. The inset in Figure 2A is the contrast of indentation curve and Hertz fitting. We can see that they are consistent with each other, indicating that Hertz model is adequate for characterizing the indenting process between AFM tip and living cells. Figure 2B is the AFM topography image of living A549 cells. After recording 5×5 force curves at the central region on the cell surface, we can obtain the maps which reflect the stiffness distributions on the cell, as shown in Figure 2C . In order to statistically characterize the stiffness distributions of local areas on living cells, force curves were obtained on about 10 cells with five probes and the stiffness maps were shown in Figure 3 . From the stiffness maps ( Figures 2C and 3 ), we can see that the stiffness was variable for the different points on the cell surface. We know cell membrane is highly heterogeneous in composition (an important factor causing this heterogeneity is the existing of lipid rafts [19] ), which causes that the obtained stiffness maps are heterogeneous. We then measure the cellular Young's modulus at different parts on the cell surface ( Figure 4 ). Figure 4A is the AFM image of MCF-7 living cells. Force curves were obtained at the nucleus area (denoted by the red asterisk in Figure 4A ) and peripheral area (denoted by the black asterisk in Figure 4A ) on one cell. The histograms ( Figure 4B and C) of Young's modulus calculated from the force curves show that the nucleus area (1.88 kPa) is softer than peripheral area (2.88 kPa). Then the Young's modulus between nucleus area and lamellipodium area was compared. Figure 4D is the AFM image of another MCF-7 living cells. Force curves were obtained at nucleus area (denoted by the red asterisk in Figure 4D ) and lamellipodium area (denoted by the black asterisk in Figure 4D ) on one cell. The histograms ( Figure 4B and C) of Young's modulus clearly show that the nucleus area (3 kPa) is remarkably softer than la- mellipodium area (12.1 kPa). The results in Figure 4 indicate that the Young's modulus of cellular nucleus area is obviously smaller than other areas on the cell surface. This is because the Young's modulus obtained by AFM is influenced by the rigid substrate [20] . The thickness of the nucleus area is significantly larger than that of the peripheral and lamellipodium areas, causing that the peripheral and lamellipodium areas are more prone to be influenced by the rigid substrate. In order to maximally eliminate the influence of substrate, the indentations should be no more than 10% of the thickness of the cell. For this reason, in practice force curves are often obtained at the nucleus region of the cell [21] . Besides, studies have shown that the prolonged poking of single cells (200 s) by AFM tip can result in the remodeling of the cell cytoskeleton which can then cause the changes of cellular mechanical properties [22] . Thus we should limit the probing time during the measurements to avoid this effect. For this reason, we only recorded 10-15 force curves on each cell. Altogether, in order to better represent the cellular mechanical properties, for each cell in the following experiments 10-15 force curves were obtained at different points on the nucleus area of the cell.
Results
Stiffness distributions on the local areas of living cells
The effects of temperature on the mechanics of human suspended cells
Currently the AFM indenting experiments are commonly performed at room temperature [10, 23] or 37°C [9, 21] . In order to analyze the effects of temperature on cell mechanics, we measured the cellular Young's modulus both at room temperature and 37°C. We first investigated the effects of temperature on the mechanics of human suspended cells. Three types of human suspended cells (Raji, Jurkat, and normal white blood cells) were used. Figure 5 shows the Young's modulus of Raji, Jurkat and normal white blood cells at room temperature and 37°C. We can see that the Young's modulus of Raji cells increased from (2.29±0.67) kPa to (3.46±0.83) kPa as the temperature increased from room temperature to 37°C. The stiffness distribution of Jurkat cells at room temperature was bimodal ((1.37±0.55) and (2.72±0.46) kPa). When the temperature increased to 37°C, the stiffness distribution became unimodal ((0.95±0.28) kPa), showing that the Jurkat cells became softer as the temperature increased. The Young's modulus of normal white blood cells measured at room temperature ((3.17±1.23) kPa) was slightly larger than the Young's modulus measured at 37°C ((2.68±1.24) kPa). The results in Figure 5 showed that the degree of mechanical changes in Raji cells and Jurkat cells was clearly larger than that of normal peripheral white blood cells. Raji and Jurkat cells were cancer cells of the hematopoietic system, while normal white blood cells were healthy cells. It is known the structures and functions of cancer cells are quite different from that of normal cells [24] . Hence these difference may cause that cancer cells and normal cells have different mechanical responses to the changes of temperature. Besides, Raji cells were from human lymphoma B cell line and Jurkat cells were from human leukemic T cell line. The difference between cancer types may cause the different mechanical responses to the changes of temperature. 
The effects of temperature on the mechanics of human adherent cells
In order to examine the effects of temperature on more types of cells, we then measured the Young's modulus of human adherent cells at room temperature and 37°C. Three types of human adherent cells (MCF-7, HeLa, and A549) were used. The three types of cells were all cancer cell lines. Figure 6 shows the effects of temperature on the mechanics of MCF-7, Hela, and A549 cells. The stiffness distribution of MCF-7 cells at room temperature was bimodal ((2.05±0.49) and (3.57±0.36) kPa) and the magnitude of the two peaks was similar. When the temperature increased to 37°C, the stiffness distribution was still bimodal ((2.01± 0.30) and (3.6±1.02) kPa). But the magnitude of the second peak ((3.6±1.02) kPa) was clearly smaller than that of the first peak ((2.01±0.30) kPa), indicating that the increase of temperature can cause the softening of MCF-7 cells. For HeLa cells, the Young's modulus increased from (2.14± 0.68) kPa to (4.3±3.09) kPa when the temperature increased from room temperature to 37°C. For A549 cells, the Young's modulus at room temperature ((2.09±1.32) kPa) was a little larger than the Young's modulus at 37°C ((1.85±1. 
The effects of temperature on cellular morphology
We know cellular structures (such as cytoskeletons [25] ) determine the cellular mechanical properties. Thus, it is reasonable to assume that the changes of cellular mechanical properties are due to the alterations of cellular structures. For this reason, we imaged the living cells (HeLa, A549, MCF-7) both at room temperature and 37°C to observe the morphological changes. Figure 7 shows the AFM morphology images of HeLa, A549, and MCF-7 living cells at room temperature and 37°C. Figure 7A and B are the AFM images of living HeLa cells obtained at room temperature and 37°C respectively. From the AFM images, we can see that the cellular topography obtained at 37°C was smoother than that obtained at room temperature. Figure 7C is the profile images along the dashed lines in Figure 7A and B. We can see that the cellular heights at room temperature (blue dashed line) were less than 4 μm. When the temperature increased to 37°C (red dashed line), the heights of two cells were larger than 4 μm and the height of the third cell was less than 4 μm. We measured the heights of ~15 HeLa cells at room temperature and 37°C respectively to statistically analyze their difference ( Figure 7D) . From Figure 7D , we can see that on the whole the height of HeLa cells increased as the temperature increased. Then we imaged the topography of A549 cells ( Figure 7E and F) and MCF-7 cells (Fig-Figure 6 The effects of temperature on the mechanics of human MCF- ure 7G and H) both at room temperature ( Figure 7E and G) and 37°C ( Figure 7F and H). From Figure 7E -H, we can obtain the similar conclusion: cell surface became smoother when the temperature increased from room temperature to 37°C. We have also statistically compared the heights of A549 and MCF-7 cells at room temperature and 37°C (data not shown) and the results showed that cell height became higher when the temperature increased from room temperature to 37°C. These results indicate that the temperature can cause the changes of cellular structures (such as cell surface, cell height), which may then lead to the changes of cellular mechanical properties. However, it should be noted that we only imaged the morphological changes on three types of adherent cells. Adherent cells can grow and spread on the substrate, which facilitates visualizing their morphology by AFM imaging. Human suspended cells (such as Raji, Jurkat) cannot naturally adhere to the substrate. Thus, we need to firstly immobilize them onto the substrate (e.g., via micro-fabricated pillars [26] or polydimethylsiloxane (PDMS) stamp wells [27] ) and then we may image their morphology. Besides, the cell cytoskeletons directly determine the cellular mechanical properties. Hence, it is of significance to compare the changes of cell cytoskeletons at room temperature and 37°C. In this case, strategies such as combining AFM and fluorescence labeling [28] are helpful. Altogether, in the future, studies on more different types of cells (especially suspended cells) are needed to further examine the effects of temperature on cellular morphology.
The effects of cellular interactions on the mechanics of human cancer cells
Tumor formation involves the co-evolution of cancer cells together with extracellular matrix, tumor vasculature and immune cells [15] . Recent studies have shown that systematic dissection of interactions between tumors and their micro-environments can uncover important mechanisms underlying drug resistance [29] Figure 8 shows the optical images of human cancer cells co-cultured with human immune cells. Figure 8A and D are the optical images of Raji cells and Jurkat cells respectively. Raji cells and Jurkat cells are suspended cells and they exhibit round shapes in the culture medium. Figure 8B and E are the optical images of A549 cells and MCF-7 cells respectively. A549 and MCF-7 cells are adherent cells and we can see that they adhere and spread on the substrate. HeLa cells are also adherent cells and the optical images of HeLa cells are not shown. When co-culturing adherent cells with suspended cells, we can easily discern them according to their special shapes. Figure 8C is the optical image of A549 cells co-cultured with Raji cells. Figure 8F is the optical image of MCF-7 cells co-cultured with Jurkat cells. In the images ( Figure 8C and F), Raji and Jurkat cells were clearly recognized according to their round shapes (denoted by the dashed circles).
After 24-h co-culture, the Young's moduli of cancer cells with and without immune cells were measured, as shown in Figure 9 . The results of Figures 5 and 6 showed that the temperature can cause the changes of mechanical properties, Figure 9 showed that the co-culture of cancer cells and immune cells can alter the mechanical properties of cancer cells and the mechanical changes depended on the types of cancer cells and immune cells.
The effects of cellular interactions on the morphology of human cancer cells
In order to examine whether the co-culture of human cancer cells and human immune cells can influence the cell morphology, AFM images of living cancer cells grown without and with immune cells were obtained, as shown in Figure  10 . In order to avoid the influence of temperature, images were obtained at 37°C. (Figure 9 ) but do not cause the morphological changes ( Figure 10) . We know the cellular mechanical properties are related to many factors, such as cell membrane, cytoskeleton, cytoplasm and cellular nucleus [30, 31] . It was likely that during the co-culture the morphology of cancer cells kept unchanged but some changes (such as cell nucleus, cell cytoskeleton) inside the cancer cells occurred. These changes then caused the alterations of cellular mechanical properties. The results in Figures 9 and 10 showed that though no significant morphological differences could be observed among cancer cells with and without immune cells, observable differences in cellular mechanical properties could be detected. 
Discussion
AFM is a powerful tool for quantifying the mechanics of single living cells in aqueous conditions. By obtaining arrays of force curves at the local areas, the stiffness distributions on the nucleus areas of living A549 cells were mapped. The maps ( Figures 2C and 3) showed that the stiffness distributions of the cell surface were heterogeneous. When performing small-size (such as less than 1 μm) AFM imaging on living mammalian cells, it is difficult to obtain high-quality images due to the soft and dynamic nature of cell surfaces [32, 33] . Besides, in the AFM images the texture of cellular surface was almost the same for one cell (excepting the cellular edges), as shown in Figures 7  and 10 . These cause that we often cannot visually discern the different nanostructures on the cell surface from AFM images. In contrast, stiffness maps can reveal the different nanoscale areas on the cell surface from the perspective of mechanics, which is useful for us to understand the sub-cellular structures of living cells. However, AFM is label-free and thus we do not know the nanoscale areas in the stiffness maps correspond to which components of the cells. If AFM is combined with single-molecule fluorescence microscopy [34] , we can then directly investigate the relationship between mechanical information and cell structures. AFM and fluorescence can provide complementary information, which is of great significance for us to explore the underlying mechanisms that regulate the structure and mechanics of living cells during cellular physiological activities. The indenting experiments at different areas on living cells (Figure 4) showed that the Young's modulus of nucleus areas was significantly smaller than other areas (such as peripheral areas and lamellipodium areas), inspiring us to quantify the cell mechanics on the nucleus area to reduce the effect of rigid substrate.
The cellular Young's modulus obtained from AFM indenting measurements is a relative value and can be used for comparative studies in cases when all experimental conditions are identical [12] . Some factors that influence the cellular Young's modulus have been widely known, such as the loading rate, the indentation depth, the substrate, and the AFM probe (e.g., the shape of the tip, the spring constant of the cantilever). However, there are still factors that have been neglected. For example, studies have shown that the growth medium can influence the cellular Young's modulus [35] . Here all of the cells were cultured with the same cell growth medium to avoid the influence of cell growth medium. Besides, the temperature can also influence the cell mechanics [13, 14, 36, 37] . Rico et al. [13] have measured the Young's modulus of THP-1 cells (human monocytic leukemia cell line) at three temperatures (16, 24 and 37°C) , showing that the cellular Young's modulus significantly decreased as the temperature increased. Spedden et al. [14] have measured the Young's modulus of neuron cells prepared from embryonic rat at room temperature (25°C) and 37°C, also showing that the increase of temperature can cause the cell softening. However, other scholars [36, 37] have obtained the opposite results. Sunyer et al. [36] have measured the Young's modulus of human alveolar epithelial cells at different temperatures (13-37°C) , showing that the increasing temperature can make cells become stiffer and more solid-like. Codan et al. [37] have compared the Young's modulus of 3T3 cells (mouse embryonic fibroblasts) and SW-13 cells (human epithelial cancer cells) at different temperatures, showing that both of the two types of cells had an decreased Young's modulus as the temperature decreased. In this article, we quantitatively investigated the effects of temperature on six types of cells (including three types of human suspended cells and three types of human adherent cells). In order to eliminate the artificial effects and make the results comparative, several strategies were adopted, e.g., force curves were obtained at the same loading rate, the indentation curves used for Young's modulus calculation were less than 500 nm, and force curves were obtained at the different points on the central areas of cells. Our results (Figures 5 and 6) showed that different types of cells can have different mechanical responses to the changes of temperature: some cells (Raji and HeLa cells) became stiffer as the temperature increased, some cells (Jurkat and MCF-7 cells) became softer as the temperature increased, and some cells (normal peripheral white blood cells and A549 cells) kept stable as the temperature changed. AFM imaging of living cells at room temperature and 37°C (Figure 7) showed that the changes of temperature can cause the significant morphological changes of cells: cell height became higher and cell surface became smoother as the temperature increased from room temperature to 37°C. We know that the cellular mechanical properties are determined by the cell cytoskeletons [25] . Studies have shown that the changes of temperature can cause the reorganization of actin components of the cytoskeletons which then resulted in the changes of cellular Young's modulus [14] . Hence, it is reasonable that the morphological changes ( Figure 7 ) observed here were due to the reorganization of cell cytoskeletons.
Current AFM indenting experiments were commonly performed at one temperature (at room temperature or at 37°C) to investigate the cellular mechanical properties during physiological activities (such as observing the changes of cellular mechanical properties after the stimulation of drugs). From the results in this article, we can conclude that the responses of cellular mechanical properties to the changes of temperature are not a universal phenomenon and different types of cells can have different responses (stiffening, softening or invariant) to the changes of temperature. The results inspire us that we can measure the mechanical properties of cells at different temperatures to construct the stiffness profiles, like the Raman spectra of the different materials. Because different types of cells (such as cancer cells and normal cells) can respond differently to the changes of temperature, we may discern the different types of cells according to their stiffness profiles. We know AFM detection has several advantages compared with traditional biochemical methods, such as it is label-free, with low cost and the detection speed is fast. If we can exactly recognize the different types of cells in a mixed cell populations (such as the circulating tumor cells in the blood) by measuring their stiffness using AFM, it will greatly improve our current studies of single living cells and will bring novel insights into cell biology. In this article, we used conical tips to perform the indenting experiments. The conical tips are sharp and they measure the mechanical properties of local areas on the cell surface. In recent years, researchers have used sphere tips to quantify the mechanical properties of the whole living cells [16, 35, 38, 39] . Compared with conical tips, sphere tips have larger contact areas and thus smaller applied pressures, causing that cellular Young's modulus measured with sphere tips is less than that with conical tips [40] . Despite this difference, the studies by Rico et al. [41] have showed that the change trend of cellular Young's modulus measured using sphere tips was consistent with that using conical tips. Besides, Cross et al. [21] and Li et al. [42] measured the Young's modulus of different cells (cancer cells and normal cells) using conical tips and sphere tips respectively and they obtained the coincident results. Hence, the results obtained using conical tips are basically consistent with that using sphere tips.
Immune cells that infiltrate tumors engage in an extensive and dynamic crosstalk with cancer cells, which plays important roles at different stages of tumor development, including initiation, promotion, malignant conversion, invasion, and metastasis [43] . During the formation of solid tumors, cancer cells interact with various types of normal cells (e.g., immune cells, stromal cells) in the microenvironment. The heterogeneous types of cells in the microenvironment of tumors and their interactions with cancer cells can influence the therapeutic response and drug resistance [15] . Hence, investigating the interactions between cancer cells and the other cells in the micro-environment is of great significance for both uncovering the underlying mechanisms of cancer heterogeneity and improving the clinical treatments of cancer patients. Studies of tumorinfiltrating immune cells in large cohorts of human colorectal cancers have shown that the type, density, and location of immune cells within human tumors can be used to predict the clinical outcome [44] . In fact targeting the tumor micro-environment has become a new treatment strategy of cancers, which will hopefully improve our current therapeutic efforts [45] . Cellular mechanical properties have been proved to be effective label-free biomarkers for indicating cell states. Studies have qualitatively shown that cancer cells are softer than normal cells [8] [9] [10] . However, how the physiological activities taking place in the formation of solid tumors dynamically alter the mechanical properties of cancer cells is still an unknown research area. Here we measured the mechanical changes of human cancer cells after being co-cultured with human immune cells. The ex-perimental results (Figure 9 ) showed that the interactions between cancer cells and immune cells can alter the mechanical properties of cancer cells. But the AFM imaging ( Figure 10) showed that there were no significant morphological changes after the co-culture. This can be explained that cell morphology is not the solely determinants for cell mechanics. In 2009, Reich et al. [46] have investigated the mechanical properties and morphology of fibroblasts from scleroderma patients and from healthy donors using AFM, showing that the fibroblasts from scleroderma patients were softer than cells from healthy donors but no significant morphological differences could be observed. During the co-culture of cancer cells and immune cells, the morphology of cancer cells did not change, but the cytoskeletons inside the cancer cells might change which resulted in the changes of cell mechanical properties. Currently there is lacking of effective ways to quantitatively understand the molecular and cellular interactions in signal transduction [47] . Our results showed that we can characterize the interactions between cancer cells and other cells from the changes of cell mechanics, providing a novel ideal to quantitatively investigate the interactions between cells. However, it should be noted that the optimal conditions for living cells is 37°C with 5% CO 2 . In this article, we only provided the 37°C. The lack of 5% CO 2 condition may cause some changes on the living cells. For this reason, introducing the 5% CO 2 condition can help us to better investigate the cellular mechanical properties during physiological activities. Martens and Radmacher [23] have developed a polymethylmethacrylate (PMMA) box to maintain 5% CO 2 environment, demonstrating the feasibility of measuring the mechanical properties of cells in 37°C (5% CO 2 ) using AFM. Altogether, AFM has proven to be a powerful tool in label-free quantifying the mechanical properties of single living cells. The further applications of AFM will provide more and more novel insights into our understanding of cellular behaviors and diseases.
Conclusion
This work quantitatively investigated the effects of temperature and cellular interactions on the mechanical and morphological properties of human cancer cells with the use of AFM. Stiffness maps were obtained on living cells by recording arrays of force curves at the local areas, showing that the stiffness distributions on the surface of living cells were heterogeneous. The effects of temperature on cellular mechanics were quantitatively studied on six types of cells (Raji, Jurkat, normal white blood cell, MCF-7, HeLa, A549) at room temperature and 37°C, showing that different types of cells can have different responses (stiffening, softening or invariant) to the changes of temperature. AFM living cell imaging at different temperatures showed that the changes of temperature can cause the distinct morphological changes of cells (cell surface became smoother and cell height became higher when temperature increased). The effects of cellular interactions on the mechanics of cancer cells were studied on three types of human cancer cells (MCF-7, HeLa, A549) by co-culturing them with two types of human immune cells (Raji, Jurkat), showing that the interactions between cancer cells and immune cells can alter the mechanical properties of cancer cells. While AFM living cell imaging showed that the co-incubation of cancer cells and immune cells did not cause significant morphological changes of cancer cells. In future studies, we plan to further investigate the interactions between cancer cells and other cells (such as stromal cells) from the perspective of mechanics. These studies will be particularly useful for us to understand the role of cellular interactions in the process of tumor formation.
